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ABSTRACT

Electrical characteristics of thin (100- and 140-micron) Westinghouse
dendritic-web N/P silicon solar cells are presented In graphical and tabular
format as a function of solar illumination intensity and temperature, Per-

formance 1s also shovy as a functilon of solar illumination angle of incidence
for AMO.

iv

P I




CONTENTS
I. INTRODUCTION m e e e e e e e e e e e e e e e
IT. CELL DESCRIPTION === e e e e e e e e
TIT.  TEST PROGRAM == e e e e e e e
v. DISCUSSION OF RESULTS =—r——srmm oo e e o o i e e et e e e
REFERENCES —m—m e e e e e e e
APPENDIX == e e e e e e e e
Figures
100-pm-Thick Cells
1. Average ISC/cm?‘ as a Function of Temperature —-—-———==———————u
2. Average Voc as a Function of Temperature ——e—————s—mmecmme———
3. Average Imp/cm2 as a Function of Temperature —-—————-—w—eeww——
4. Average Vmp as a Function of Temperature ————we——————————e———
5. Average Pmax/cm2 as a Function of Temperature ————-—=-———-——=—-
B. Average Curve Factor as a Function of Temperature =—==-=—=-r---
7. Average AMO Efficiency as a Function of
TeMPETALULE ——— e e o e e e e e e e
8. Average ISC/cm2 as a Function of Intensity =—————r—————er——u-
g. Average voc as a Function of Intensity —=—==m—————r—c—————me——
10. Average ImP/cm2 as a Function of Intensity —————wwm——emmmem——
11. Average pr as a Function of Intensity =—w—-—e————ome——m——e—
12. Average Pmax/cm2 as a Function of Intensity ——————————e——w———
13. Average Curve Yactor as a Function of Intensity ---—--——-—----

i0

11l

12

13

14

15

16

17

18

19

20

e
T

e

P e S PUSU




H#‘ B f

Jp—,

T

14. Average AMO Efficlency as a Function of Intensity =~~rme--——=- 21
15. Isc Temperature Coefficlent ———w-————————mmmm e 22
16, Voc Temperature Coefficient ———m—mem e 23
17. Absolute Pmax Temperature Coefficient ————-rr—mr——mmmm e 24
| 18, Percent Pmax Temperature Coefficient —-eeemrm—cemmm e 25

140~pm-Thick Cells !

19. Average Isc/cr.'.2 as a Function of Temperature ———=————————eewao 34

20. Average V_ as a Function of Temperature =——-—-————~——=aemma——u-—— 35 :

21. Average Implcm2 ag a Function of Temperature -—-—————————em——o 36 ] ?

22, Average Vmp as a Function of Temperature —--——=——-—m——-——woaa— 37 t

23. Average Pmax/cm2 as a Function of Temperature ———————————cewnr 38 i

24, Average Curve Factor as a Function of Temperature ---—-——=-——- 39 %

25. Average AMO Efficlency as a Function of -

Temperature ——————m = e e e e 40 1

26. Average Isc/cm2 as a Function of Intensity -——————=—=wr———ar- 41 g ;

27. Average Voc as a Function of Intensity ———mme—m—mmmmmmm 47 ! (

: 28. Average Imp/cm2 as 2 Function of Intensity ——-—em————om—memue 43 J
t 29. Average Vmp as a Function of Intensity ————-————mer—————e—u—- 44
! 30. Average Pmax/cm2 as a Function of Intensity —————-—cemmmmmon 45
E 31. Average Curve Factor as a Function of Intensity —-—-=-=r-——m- L6
t 3z, Average AMO Efficiency as a Function of Intensity —————=---—- 47
? 33. ISC Temperature Coefficient ————m—wm———mm e e 48
34, V. Temperature Coefficient —————mm—memm e o 49
35. absolute Pmax Temperature Coefficient =~-——--—emmrreemm——cee 50
: : 36. Percent Pmax Temperature Coefficient -=wr————e——mmm oo ee 51
37. Pmax and Isc as a Function of Illumination Incidence Angle -- 52
A-1. Solar Cell —————mmm e e e e A-1

vi




A BNy - b A e A R

A-2.
A=3.
A-4,

Tables

Test Plate =r—-———m———m=mr o e A-2
Solar Cell Characterization Facllity —~=—-—remmmemmme e A=3
Solar Cell Environmenta) Test Chamber -—-——m———mmmmmememm e A-4

100-pm-Thick Cells

1.

2.

3.

4,

5.

6.

7.

Average
Average
Average
Average
Average
Average

Average

Short-Circuit Current —---—————————mmr—— 26
Open-Circuilt Voltage ——-———=r———————e—mm e 27
Maximum Power Current ——=—ws——e—m— e e e 28
Maximum Power Voltage =-~-————————————m—rm e 29
Maximum Power ———em e e e e e e e 30
Curve Factor —————— e e e 31
AMO Efficiency ——s—emm—mmmme e 32

140-pm~Thick Cells

8. Average Short-Circuit Current =em—————————— e m e 53
9. Average Open-Circult Voltage ——-—w———r——mm—m—omm—m—mmo— o 54
10. Average Maximum Power Current —w—e——em———r——eee———eo—e e 33
11, Average Maximum Power Voltage ~————w===w———————m———c—m——e— oo 56
12. Average Maximum Power =—==———mmr-—— oo — o 57
13. Average Curve Facfor ————m———— = e 58
14, Average AMO Efficiency ——w-=-——-—=r——-——m—m————m oo 39
vii

ot o e




PAN LG §l N Ao

SECTION I

INTRODUCTION

The JPL Publication 78-15 serles presents parametric characterizaction data
on state-of-the-art and developmental solar cells of interest to the space photo-
voltalc community. These cells have all been developed specifically for use in
the space environment. The reports in this series consist primarily of working
graphs and tables that allow convenient descriptions of the cells' behavior as a
function of temperature and 1llumination Iintensity variations.

In recent years, JPL has examinad the possibility of using some of the
results of the terrestrial photovoltaic energy development programs for space
applications (Ref. 1). An example is the use of low-cost technology for a very
large power system, such as that required for a space statilon. As part of those
studies, low-cost terrestrlal cells were evaluated for their performance under
varilous space-type testsg such as power output, temperature cycling, and radiation.

Based on these test results, one of the more promising cell types for
space use was the dendritic-web cell (Ref. 2). In view of this, it was felt that
a temperature-intensity performance characterization would be useful for those
who wished to do a more complete analysis of the cell's performance under space
array operating conditions. In addition, the determination of cell output as
a function of illumination incident angle was made to establish whether or not
anomalous behavior would result from the unique AR coating method employed in
fabrication of the dendritic-web cell (see Section 11},

Since the web cells are grown directiy to a final thickness, eliminating the
costly material removal steps required for conventional space cell fabrication, and
since there is a trend toward thilnmer space cells for reazons of mass reduction and
improved radiation behavior, it was decided to examine web cells thinner than those
normally used in terrestrial work. Although a nominal thickness of 0.005 cm was de-
sired, 1t was necessary to use somewhat thicker samples to aveid any additional
process development.

SECTION IT1

CELL DESCRIPTION

The cells reported here were manufactured by Westinghouse Electric Corpora-
tion as part of their low-cost terrestrial array development program. These cells
are fabricated from dendritic-web, P-type silicon, boron~doped to a nominal resis-
tivity of 4 ohm-em. The cell dimensions are 2 x 2.5 cm, and were divided into two
thickness groups of six cells each, one nominally 0.010 cm and the other 0.014 cm,
to determine any thickness-dependent behavior. A conventional gaseous phosphorous
diffusion is used to form the junction, and a back surface field is formed by
diffusion from a surface layer of "baked-on'" boron dopant from a liquid source.
The top surface electrical contact consists of Ti-Pd-Cu in a fan-shaped grid
pattern with interconnecting pads at l.2-cm intervals spaced along the length of
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one side. The rear has a full-coverage contact of the same material. The cell
AR coating 1s formed by heating after immersion in a liquid source. Since the
basic cell size fabricated by Westinghouse is approximately 2.5 x 9.8 cm, the
long strips were diced by Westinghouse to the smaller 2- x 2,5-cm size required
for the JPL test fixture.

! SECTION 111

TEST PROGRAM

The solar cells were mounted on a copper test plate using RTV 560. The
test plate was in turn mounted to a heat sink with provisions for both heating
and cooling so that the cells could be maintained at the desired temperature
independent of the svlar intensity. All testing was carried out in a vacuum at
a pressure of less than 1 x 106 torr.

The illumination scurce used was a Spectrolab Model X-25 Mark II Spectrosun
filtered solar simulator. This simulator uses an optical integrator lens in the
optical system which uniformly distributes a short-arc xenon lamp. A system of
filters modifies the spectral distribution so that it approximates that of space
sunlight. The light beam provides a pattern having a uniformity of %17 over an
area of 225 cm? at the test plane. Illumination intensity is varied by the
position of the simulator in combination with transmission filters. The sclar
simulator beam is introduced inte the vacuum chamber through a window of 7940
fused silica. The solar intensity and spectral integrity of the solar simulator
are constantly monitored and maintained using space calibrated standard cells
obtained with the NASA/JPL scolar cell balloon flight standardization program.
Photographs of the solar cell, the assembled plate, and the experimental char-
acterization test facility are shown in Figures A-1 through A-4 in the appendix.

The temperature range covered in these measurements was -70 to 75°C while
the solar intensity range covered was 10 to 135.2 mW/cmz. The data were taken
at each environment point in the matrix In the form of an 1-V curve. The
approprlate parameters were then read from the I-V curves and punched on cards
for the computer analysis and curve plotting functions. The cell temperature was
monitored by a thermocouple attached to the surface of a separate cell mounted
with the cells under tuest. Prior, intermediate, and posttest ambient measure-
ments were performed dally to ensure that the accuracy and stability of the test
equipment and the test specimens themselves were maintained within %27 during
the course of the testing program,

Angle-of-incidence measurements were obtailned using a Spectrolab large-
area pulsed xenon simulator under ambient conditions, with correction to AMO,
28°C conditions, through use of an appropriate spaca-calibrated standard cell,
The test-plate-to-simulator distance was sufficient for an intensity variation
of less than *17 from front to rear of the test plate at maximum rotation.
Averaging of cell data further eliminated any significant source of discrepancy.
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SECTION 1V

DISCUSSION OF RESULTS

A computer program calculated statistical averages and standard deviatlons
with respect to the measured cells for each intensity~temperature measurement
conditien. It then produced summary tables: Tables 1 through 7 for nominal 10Q0-
um-thick cells and Tables 8 through 14 for nominal 140-pm-thick cells., These
tables display averages and standard deviations of the cell characteristics in a
two-dimensional array format, one dimension representing cell temperature and
the other representing incoming light intensity (AMO spectrum). The program
then produced plots of the varilous electrical parameters of interest, with either
incident intensity or cell temperature as the independent vaxiable, as shown 1in
Figures 1 through 18 for the thinner cells and Figures 19 through 36 for the
thicker. Least square fits to the data points were then made auto atically to
the measured data points using a second-degree polynomial for most parameters.
The Vg, and V., data points were fit with a linear equation. The curve factors
and AMU efficiencies were not fit but were interconnected from point to point.

In addition, the program calculated the temperature coefficients of the pertinent
cell electrical parameters of interest, using the aforementiloned curve fit., and
plotted thess as a function of temperature, with intensity as a parameter, 3
shown in Figures 15 through 18 and Figures 33 through 36 for thinner and thicker
cell sizes, respectively.

The figures are intended to he working artifacts; that is, they are for-
matted to supply information of a general nature or to generate such working tools
as predictions, comparisons, and computer input data. To facilitate comparisons
and inpucting, all units are standardized as follows:

(1) All currents are in unics of mA/cmz.

(2) All voltages are in units of mV.

(3 All power outputs are in units of ml-I/cm2

(4) All curve factors are in dimensionless units.

(5) All efficiencies are in percentages and are based on total cell
area.

(6) All temperatures are in °C.

(7) All incoming intensities are in units of mW/cm2 and are represen-

tative of an AMO spectrum.

(8; All geometric dimensions are in units of cm or um (whichever is
more convenient conceptually).

The tables included in this report contain complete numerical information
with respect to the average values of the following solar cell electrical param-

eters: Ig., Vgeo Imp, Vmp, Prax» : .
combination. For each such parameter at each intensity-temperature combination,
the standard deviation is presented to provide estimates of statistical validity.

3

CF, and efficiency at each intensity-temperature
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All efficiency, current, and power output data are on the basi~ of unlt area
derived by dividing measured output by total cell area.

Review of the cell data shows the thinner cell group to have higher per-
formance than the thicker., This is not felt to be a true charactaeristic of the
web~grown cell, but rather an artifact — the result of the limited sample sizes
and the still evolving terrestrial cell production process., Errer limits for
the data partially reflect this condition, and are, in general, greater than
those normally obtained for the cells characterized and described in the JPL
78-15 series. There is certainly a greater nonuniformity from cell to cell
than normally observed, and, in some cases, it can be traceable in part to such
observable cell characteristics as grid line discontinuities and edge chipping.

These discrepancies, although understandable in te:ms of the low-cost processing

approach development, would require additional limits before the application to
space could be considered viable,

The output as a function of illumination angle of incldence 1s shown in
Figure 37 for both maximum power and short-circult current, The data are
presented as the average of all thicknesses, since thickness was not considered
an influence ... this benavior. An analysis of a single thick and a single thin
cell selected at random from the group displayed the same angular relation-
ships, verifying the use of the overall average. The data are quite consistent
with a number of prior evaluations on conventional cells, indicating that the
use of the dip AR coating does not introduce any anomalous behavior in this
respect.

Although not intended to satisfy all concerns regarding rhe space
applicability of the terrestrial dendritic~web solar cell, the periormance data
rresented here Indicate a level of process maturlty that should encourage con-
sideration and analysis of such cells for space applicaticons that could benefit
from any significant cost reductlons ultimately derived from a successful
terrestrial cell process development,
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Figure 12, Average Pmax/cm2 as a Function of Intensity
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Table 1. Averape Short-Circuit Current

RESTINGHOUBE N/P SOLAR CELLS

' DENORITIC WEB SILICON MATERIAL
' 2 X 2,3 % 0,000 ¢CH

COPPER CONTACTS, FAN PATTERN

LIGUID DIP AR CDATING

N0 cOVEROCLASS

‘ SAMPLE SILE 6 PLATE Ple}
CELL TEMP, BOLAR INTENBITY (MW/CMse2)
(DEG. C) 10,00 30,00 50,00 70,00 100,00 13%,30
70400 2032 Teld 11484 16,46 83,40 31,00
{,0%) (.18 {e28) (edd) €,53) (,69)
«00 2:39 T:6% 14,83 18,12 29,03 38,99

{.,09) (27 (e32) («30) (o306} {s74)

i — &

X 29,00 2,57 T.02 13,06 18,34 86,00 33,22
- t.,08) (.30 (39 (2 30) (.03) (+80)
- 99,00 2ub2 7,90 18,22 18,56 24,07 38,75
(,08) {.20) (+37) (12%) (a0)) (,75)

75.00 2468 8,02 13,44 18.81 2,19 34,20 !
(+08) (.27 (+34) (e31) (.58 (.01)

e e

NOTEy ATANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,
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Table 2. Average Open-Circuit Volcage

et T BT

i WESBTINGHOUSE N/P 80LAR CELLS
i DERDRITIC WED O1LICON MATERIAL
COPPER CONTACTS, FAN PATTERN

) LIOUID DIP AR COATING

! N0 COVERGLASS

g BAMPLE SIXE &  PLATE P33

' CELL TEMWP, GOLAR INTENAJTY (MN/CHMas2)
: (CEG. C) 10,00 30,00 50,00 70,00 100,00 13%,%0
=70+09 686,38 739,37 740,78 796,10 762,79 171,62
(48,38) (11.2M) (8482) (8,31) (8,0%) (7.74)
: 00 545,03 989,63 600,73 817,65 27,87  836,%0
: (19,27) t9.41) (T206) (6.8%) (6,29) (7.38)
' 25.00 488,08 838,88 983,57 SN, B5  SYh.23 584,83
‘ (14.,22) {9.642) (7:80) €7:09) (6,35 (5,42}

85,00 420,97 a69,3% 488,22 %00,33 S12,92 822,37 |

(13,30) (9,18) (8¢44) {7.40) (7,10) (6,.38)
75,00 374,39 420G,0% Q49,90 498723 489,80 481,80

(12,30) (9.62) (8:439) (7.13) (7,38) (6.81)
NOTEs OTANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,

P e T T S

a e e i
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Table 3, Average Maximum Power Current
WESTINGHOVGE N/P SOLAR CELLS
DENDRITIC WEB SILICON MATERJAL
2% 2,5% 0,010 €M
COPPER CONTACTS, FAN PATTERN
LIBUID DIP AR COATING
NO COVERGWABS
SAMPLE SIIE 6 PLATE PSe3 :
CELL YEMP, SOLAR INTENSITY (MW/CHee2) !
(D€G, ) 10,00 30,90 50,00 70,00 100,00 135,30
«70,00 1,96 6433 10,59 14,82 21,23 29,26
t,20) (.51) {:89) (1.29) {1,69) £1,70) {
000 2,12 677 11,97 16,49 23,42 31,95 '
; tllT’ (.““, (-SB! tlﬁs) (083) (lga,
; 25,00 2,40 682 11,72 16,58 23,94 12,12 {
(.13} (.44) {154) {«d®) t4940) (,93) !
85,00 2,11 'Y 11,69 16,45 23,69 32,14
(old) (.32) (sd?) {oud) (,79) {-96) .
75.00 2417 682 11,60 16,46 23.88 52,03 {
| Ce13) (.29) (e48) (e42) (457} (454) ;
NOTE; STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES, 4
ol
]
!
!
- i
= v
t
1
]
: |
'
'z |
]
28 é
ﬂ .
e




RYRWY SN Y T
VASQT IR, P T

Table 4., Average Maximum Power Voltage
WEBTINGHOUBE N/P SOLAR CELLS
DENDRITIC WEB SILICON MATERIAL
2 X 2,%%0,010 CH
COPPER CONTACTS, PAN PATTERN
LIOHWID DIF AR COATING
N0 COVERGLASS
SAMPLE S8IZE & PLATE PBey
CELL TEMP, SOLAR INTENSITY (MW/CMwwg)
(0EG, C) 10,00 30,00 50,00 70,00 100,00 135,%0
70,00 7107 633437 664,42 682,15 683,22 696,55
(86,88 (56.11) (2%8Y) (§1,10) (9,73 (6,19)
+20 uay,.58 498,13 517,70 529,17 553,88 550,27
{33,39)  (15.17)  (10.0%) (9,09) (13.42) (13,5¢6)
25,00 407,17 446,60  abl, 88 473,70 478,18 491,00
(42,55 (10.13) (6:59) (9499) (11,21) (12,47)
55,00 324.17 375,92 9%, 38 410,13 419,83 426,77
{17,07) (12.62) (8:58) (lo0.28) (12,70} (13.31)
75,00 280,45 332,30 319%,80  3pb,62 371,97 385,58
{(16,01) (12.63) (9+21) (11,38) (13,08) (17,70)

MOTEyY GBTANDARD QEvTIATIONS ARE GIVEN IN PARENTHESESR,
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Table 5. Average Maximum Power

CELL TEWP,
{0EG, €)

a70,00
100
25.+00
%%,00
75.00

R I e e

10400

fei2
{.22)
194
(e10)
Y.1
(. 09)
69
(07
sbi
(.01)

WESTINGHOUSE N/P SOLAR CELLS
DENDRITIC WEB SILICON MATERJAL
a X 2,9% 0,010 CH

COPPll couvaerl. FPAN PAYYERN
LIQUID 01P AR GODATING

NO cOVERGLADS

BAMPLE 43IE ¢ PLATE PSel

SOLAR INTENSITY (MW/CHay2)
30,00 80,00 70,00 100,00

3,03 T.08 10,12 16451
(.68) (o) (e98) (1,11)
3,38 3,99 8,74 12,49
(. 323 (+39) {202) {.59)
3,08 S.41 7,86 11,609
(. Eb) te32) (+39%) t«37)
297 4,62 6,78 9,98
{.20} (127) (s28) (.34)
227 4,18 6,03 8,89

(.18) (e2%) (+26) (.49)

NOTEs STYANODARD DEVIATIONS ARE GIVEN IN PARENTHESES,

135,30

20,38
(§.29)
17,57
{.80)
19,78
(a81)
13,73
{«79)
12.,%6
(a12)

R ey T e e g e




Table 6.

Average Curve Factor

CELL TEMP,
(DEG, C)

«70,00
+00
25,00
35,00
735,00

NOTEs OTANDARD DEVIATIONS ARE GIVEN IN

216970
(,0929)
6728
(,0689)
1314
(,070%)
+OREN
(,0332)
+ 6080
(,042%)

WESTINGHOVSE NsP BOLAR CELLS

GENDRIYIC WEBD SILICON MATEMIAL
X a,% 0,010 CH
COPRER CONTACTE, FAN PATYERN
LIGUID DIP AR COATING
NO COVERGLASS
pAMRLE 811K &

BOLAR INTENATTY (Mu/CMee2)

30,00

« 7044
(.0928)
«TAT S
(.0a52Y
e TROS
(. 0080
+6932
(.0008)
abbby
(0191

20,00

7942
(,0732)
1691
{,08TT)
«Ta81
t,0188)
W T164
(,0)44)
N 111
(.0141)

PLATY Pla}

70,00

5118
(,0991)
7800
(:019%)
7876
(.01%0)
209
{+0'2Y)
044
(s0118)

100,00

(8227
(,0428)
« 7849
(,0143)
o T419
t.0126)
27333
t.0163)
+ 7062
(,015Y)

PARENTHEBES,

139,30

B30
(,0337)
«7TB87
(.0150)
7656
(.,0180)
I3
(20R09)
W T078
(,0203%)
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Table 7. Average AMO Efficiency
WESTINGHOUAE N/P BOLAR CELLS
NENDRITIC WEB BILICON MATERIAL
2 X 2,5% 0,010 CM
COPPER CONTACTS, FAN PATTERN
LIOUID DIP AR COATING '
NDO COVERGLABS '
SAMPLE SIZE & PLATE PSe} 1
CELL TENMP, BOLAR INTENAITY (MW/CMas2)
{DEG, C) 10,00 30,00 50,00 70,00 100,00 135,30 i
«70,00 11,20 1%.44 té,11 §4446 14,51 19,07 %
(2,18) t2,09) (1+65) (1.36)  (1,11) (s9¢) ‘
+00 9,39 1126 11,99 12,48 12,49 12,99 o
(1,38) {1.06) (e79) (ebl) (e39) {.5%)
25,00 8456 10417 10,83 11,28 1] 443 11,66
€.55) (.87 {163) {190) (.37) {a60)
83,00 6,89 8,58 9,29 9,64 9% 10,44
{a70) {(.67) (135) {e39) {a94) (.58)
75,00 6,11 T3 b,24 8,62 8,89 9.13
fab) (.60 (e934) (+38) LL)) (.35Y)
NOTEs O3TANDARD DEvIATIONG ARE GIVEN IN PARENTHESES,

32

. e e A T e

e

ol



140-um-THICK CELLS

33



PO TR, T T T L)
18 §
4
i
40
' 354 /'—'F
30- F— !
~ ‘
€
(3]
~ .
=T
= —t 1
254
e }
Z .
L)
as £
o
o}
(4 20+
b i
; D 1'
o H
o | 54
— )
o '
(o --C
I
w c—
1 {1
8 .
— —B f
5+ '
A— =-A i
i
-3 -80 -40 0 0 40 80 120
TEMPERATURE, *C
D oW/em® WESTINGHOUSE N/P SOLAR CELLS
A 10.0 DENDRITIC WEB SILICON MATEHIAL
. B 30.0 2 X 2.5 X 0.014 CM
C  50.0 COPPER CONTACTS, FAN PATYERM
NS LIQUID DIP AR COATING .
F 1353 NO COVERGLASS : i
SAMPLE SIZE 8  PLATE P5-3 !
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Figure 26. Average ISC/Cm2 as a Function of ILntensity
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Figure 27. Average voc as a Function of Intensity
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Figure 28. Average Imp/cm2 as a Function of Intensity
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Figure 30, Average Pmax/cm2 as a Function of Intensity

45

' P G S P - - . B R Ty

A i

P

i e = v,

e

—
Ty . et gt e,

N

A e



[

CURVE FACTOR

™

S -
.84
—A
.80“
.—J"“—e
—(
.76“
'_-_______-—"'-_.--.D
721 e
. 684
.547
604
. 561
.92 1 T r e
0 40 80 120 160 ) 200 240
SOLAR INTENSITY, mW/cm
0 O WESTINGHOUSE N/P SOLAR CELLS
A -70.0 DENDRITIC WEB S1LiCON MATERIAL
B .0 2% 2.5X0.004 CM
¢ 25.0 COPPER CONTACTS, FAN PATTERN
g ?gg LIGUID DIP AR COATING
' NO COVERGLASS
SAMPLE SI1ZE 6 PLATE P5-3
Figure 31. Averag: Curve Factor as a Function of Intensity

46

e

imm i A




S mAe b

e

PERCENT

EFFICIENCY,

8+

64
4-1
2..
0 LJ T T T T
0 40 80 120 160 5 200 240
SOLAR INTENSITY, mW/cm
1D % WESTINGHOUSE N/P SOLAR CELLS
A -70.0 DENDRITIC WEB SILICON MATERIAL
B .0 2% 2.5% 0,014 Cl
¢ 25.0 COPPER CONTACTS, FAN PATTERN
g ?g-g LIQUID DIP AR COATING
: N0 COVERGLASS
SAMPLE SIZE 6 PLATE PS-3
Figure 32, Average AMO Efficiency as a Function of Intensity

47

O}




|sc TEMPERATURE COEFFICIENT, mA/em& O

2
. 104
. 084 F—y
. 064
E.-.-_
.04 \\
b— /_r_
—E
.02‘1 —D
g.’\‘/ ---.__“-_“
R s
. 00 8
-, 024
. 4_ T -T T T T ]
=120 ~80 -40 0 0 40 80 120
TEMPERATURE, C
10 w¥/cal WESTINGHOUSE N/P SOLAR CELLS
A 10.0 DENDRITIC WEB S1LI1CON MATERIAL
B 30.0 2% 2.5%0.004CM
¢ ?0-0 COFPER CONTACTS, FAN PATTERN
g mg'g L1GYID DIP AR COATING
F i3s3 NO COVERGLASS

SAMPLE SIZE 6  PLATE PS-3

Figure 33, Isc Temperature Coefficient

48

(=)



-1.60
i
]
‘ -1.704
! W -1,80
o kel A—
~
-
E \
—
=z _
| o 1.904
z O =
L ™
ira - L. E—
’ i
- [ T y
pxd 2.00 —F
D..-.-.
- wl
o \\\‘
s J
—
<€ .
\-._____
o o
ac -2. 101
o.
-3 e
J
8
> =2.7204
Y
—8
: -2.304 ~
i
! "2.4 T T T T L
j —?20 -80 -40 0 0 40 80 120
TEMPERATURE, *C
ID  mW/cm? WEST INGHOUSE N/P SOLAR CELL3
A 12.0 DENDRITIC WER SIL1CON MATERIAL
] 30.0 2 £ 2.5 X 0.014 CM
g §g~g COF"SR CONTACTS, FAN PATTERN
E 16000 L1QUID DIP AR COATING
F 1353 NO COVERGLASS

SAMPLE SIZE 6 PLATE PS-3

Figure 34. voc T¢ mperature Coefficient

49

Pt

T S




A e

Y

Puax TEMPERATURE COEFFICIENT, mW/cm¥ %

.0

. 004

-.014

-. 024

-, 051

Y T T T y

-80 -40 0 0.4 80 120
TEMPERATURE, *C

WESTINGHOUSE N/P SOLAR CELLS
10.0 DENDRITIC WEB SILICON MATERIAL

0.0 2X2.5%0.004CN

?g.g COPPER CONTACTS, FAN PAYTERN
100" 0 LIQUID BIP AR COATING

]35:3 RO COVERGLASS

SAMPLE SIZE 6  PLATE PS-3

Figure 35. Absclute Poax Temperature Coefficient

50

fg:)f

e

e mal



W"Nﬂ TadPMNAL TN L,

'

I

Pmox TEMPERATURE COEFFIC!ENT, 7/%

.05

-. 054

~. 154

-, 251

- . 35

=. 45+

-. 5351

F—
b—

-

\—'B
-80 -40 0 40 -s;o 120
TEMPERATURE, &

aW/cm? WESTINGHOUSE N/P SOLAR CELLS
10,0 DENDRITIC WEB SIL1CON MATER:AL
30.7 2 X 2.5X 0,014 CM

?gg COPPER CONTACTS, FAN PATTERN
ooy LIQUID DIP AR COATING

1353 NO COVERGLASS

SAMPLE SI1ZE B8  PLATE P5-3

Flgure 36. Percent Pmax Temperature Coefficient

51

ey



— T - —= E— g cap .,\Haﬂlrﬂﬂu.!l.Eij- — e e
>y ) ¢
( — — [ - e T e T
s Xeu
273uy 20UapPTOUT uoTIBUTWNTTI JO UCTIdUN] B SE 1 pue d /g 2anBr4

Bap ‘ITONY IDNIAIDNI
0L 09 s or ot 0z ol

NOLLONN4 INISCD

| I | | | I

paalll]

4+

[l

¥'0

9°0

LA

JDNYWHOAEId JAILYTSY

52




Ted ¥ aien M otk h Y

Weg 8, N T o ' | - (&)

Table 8. Average Short-Circuit Current

WESTINGMDOUSE N/P 80LAR CELLS

, DENDRITIC WEB SILICON MATERIAL
; 2% 2,9 % 0,080 ¢H

COPPER CONTACTS, FAN PATTERN
LIQUID DIP AR COATING .
NO COVERGLASS ;
BAMPLE 8I1E 6 PLATE PBag

CELL TEMP, SOLAR INTENBITY (MW/CHas2)
(DEG, C) 10,00 Jo, 00 30,00 710,00 100,00 135,30
a70.00 2,27 .81 11,32 13,71 21,95 30,12
{.,08) (18 (e22) (e481) (,d6) (.60)
+00 2443 T+88 12,49 17,22 24,33 33,33
(.06} (.23 (129) (a47) (.88 {.88)
25,00 2447 747 12,67 17,54 24,89 33,78
{,086) {.23) (1306) (ebl) {1,00) {1.00)
55,00 2:3% T.b4 12,79 17.8¢ 29,58 34,34
(.07) (.24) (e 34) (+60) (1) (1.03)
75.00 2.57 7.1 12,96 18,17 26,02 34,97

(.08) {.28) £e36) (:56) t.92) (4,008)
NOTE; STANDARD DEVIATIONS ARE GIVEW IN PARENTHESES.
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Table 9. Average Open-Circuit Voltage

WEBTINGHOUSE N/P SODLAR CELLS
OENDRIYIC WEB BILICON MATERIAL
2 X 2,% % 0,010 CM

cOPHER CONTACTS, FAN PATTERN
LIOUID DIF AR COATING

NO COVERGLASS

SAMELE BIZE & PLATE PSes

CELL TEWP, SOLAR INTENBITY (MW/CHss2)
(DEG, C) 10,00 30,00 30,00 70,00 100,00 13%,%0
w?0,00 667,00  T3§,97 748,58  7me,06 762,27 772,48
(67,081) (i6,08) (11e34) (11.81) (€11,73) (32,94)
«00 529,935 S32.18 800,27 611,02 623,72 431,15
t24,68) (12.08) (1279} (12,48) (12,R0) ({11,52)
25,00 476,17 925,08 849,99 558,82 569,63 978,48
119,80) {13.07) (31483) (§2419) (11,12) (10,689
85,00 480,92 462.R2 08),18 493,72 s07,02 9ie,87
(17.38) {12.77) (11489) (11.12) (10,08) (8,79)

(16,04) (12.64) [11408) (10.26) (9,45) (7.80)
NDTEg STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,

e e e mem B

54

o s P R

LA

[PV S

Ches

P

=




B Ea AT T R A S N -

Table 10. Averape Maximum Power Current

WESTINGHOVEE N/P 0L AR CELLS
DENDRITIC WEB BILICON MATERIAL
2% 2,9 % 0,018 CH

COPPER CONTACTS, FAN PATYERN
LIGUIO DIP AR COATING

ND COVERGLAAS

SANPLE STIE & PLATE PBe3

CELL TEMP, SOLAR INTENSITY (MW/CMae2)
(DEG, C) 10,00 30,00 sC,00 70,00 100,00 139,%0
70,00 10814 5,70 9,19 13,64 19,1 26,92
t.21) (.40) tea?) (o79) (1.36) (1,69}
«00 1.98 6206 10,717 19,33 22,28 30,28
tyi2) (. 02) CeT1)  (1019) (1.3%) (1,60m) )
25,00 R:01% 30 14,47 19,64 22,72 Jo.T4 -
(u13) (.8%) (177) {:9%) (1,30) t1.28) }
55,00 2.02 6:51 11,22 18,68 23,03 30,77 |
(i) (.39 te57) {«79) (1,04) (1.,09) i
75,00 2404 6,98 11,18 15.83 23,21 11,00
(e13) {.31) tedb) (a7 (. 80) (1.4%)

NOTEy STANDARD DEVIATIOWS AsE GIVEN IN PARENTHESES,
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NOTEy STANDARD DEVIATIONS ARE GYVEMN IN PARENTHESES,

Table 11. Average Maximum Power Voltage
MESTYINGHOUBE N/P BDLAR CELLS
DENDRITIC WEB BILICON MATERIAL
2 %x 2,3 x 0,018 CH
COPRER CONTACTS, FAN PATTERN
L10UID DIP AR COAYING
ND eOVERGLAGS
SAMPLE BILE 6 PLATE Pls3
CELL TEMP, 80LAR INTENSITY (MW/CMaw2)
thrs, €} 10.00 30400 30,00 70,00 100,00 135,30
»70,00 529,97 622,93 6%0,6% 674,92 678,47 703,23
(97,01) (82,963 (64499) (39,2%) (36,29) (9,74)
«00 416,37 asy,22 s11,13 %28,00 S51.17 548,57
29,00 365,09 4%9,2% 463,63 472,58 arY .38 489,43
(37,84)  (18.07y (13.18) (11,31) (56,03) (10.27)
25,00 310472 313,07 3191.,9Y 403,48 414,68 426,413
(2b416) (144071 (134007 (L13,21) (59,82) {9.,98)
75,00 271,98 127,18 351,92 Js5,.88 370,27 3a4,1)
{20422 (14.78)  (12454) (11.39%) 031,800 (11.79)
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Table 12, Average Maximum Power
WESTINGHOVSE N/P BOLAR CELLS
DENDRITIC WEB SILICON MATERIAL
2% 2,%% 0,014 cH
COPPER CONTACTS, FAN PATTERN
LIGUID DIP AR COATING
NO COVERGLABS
SAMPLE BILE &6  PLATE P8ey
CELL TEMP, BOLAR INTENSITY (MW /CHgx2)
{(DEG, C) 10,00 3o,00 %0,00 70,00 106,00 135,30
wT0,00 094 1,% 6,38 9,21 15,39 18,53
(1) {.08) («77) (e98) (1,08) t1,3%)
2 00 83 %, 06 3,514 8,10 11,83 16,61
sl ¥) (.32) (et} (403) G11) (e8Y)
29,00 W T4 2.84 S5,18 7,39 10,84 19,04
el (.28)Y {ea}) (e51) (s62) (+068)
5,00 03 2.43 4,40 6,44 9,9% 15,13
(.09) (.19 te28) (:140) (.51) (.96}
715,00 156 2.1 3,9% 5,719 8,60 11,93
{,07) {.16) (e23) («+34) (.45) (.50)

NOTEs STANDARD DEVIATIONS ARE GIVEN IN PARENTHEGES,

TR~
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NOTEs STANDARD DEVIAYIONS ARE GIVEN IN PARENTHESES,

Table 13. Average Curve Factor
WEATINGNOUSE N/P BOLAR CELLY
DENDRITIC WEB SILICON MATERJAL
g% 2,9% 0,014 CH
COPPER CONTACTS, FAN PATTERN
LIQUID DIP AR COATING
NO COVERGLAMS
SAMPLE SIZE & PLATE PSes
CELL TENMP, SOLAR INTENBITY (MW/CMgn2)
{DEG, C) 10,00 30,00 50,00 70,00 100,00 139,30
870,00 26243 7118 7S34 LT84 8031 JBL04
(,0784) (,0954) (,0972) (.0884) (,072%) (,0643)
«00 ahlo2 7229 « 1852 « 1693 828 7892
(,07%1) (.0890) (,089%1) (,0044%) (,0326) (,0249)
25,00 16240 WTi14 7632 7556 .1648 + 7698
(,0689) (,0965) (,0410) (.,0%1%) (,0224) (,0187)
§9,00 6063 H878 «T1AY .T281 7359 ,7397
€.0973) (.0008)y (,02Y7) (.,0228) (,0474) (.0144)
75,00 3922 6670 0926 JTOob4a JT14Y o 1165
,0504) (,0%0%) (,0218) (,0162) (,0432) (,0149)
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NOTEs STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,

Table 14. Average AMO Efficiency
WEBSTINGHOUSE NsP SOLAR CELLS
DENDRITIC WEB OILICON MATERTAL
2 ¥ 2,% %x 0,004 CH
COPMER CONYACYS, PAN PATTERN
LIGUID DIP AR COATING
NO COVERGLASS
SAMPLE B31IZE & PLATF P8e}
CELL TEHMP, SOLAR INYENAITY (MW/CHrad)
(DEG. C) 10,00 3o,00 50,00 70,0 100,00 135,30
o70,00 .42 1181 12,75 13,148 13,39 13,99
{1,49) (1.99) (1¢%4) (1.37) {1,08) {.99)
«00 4,27 10.19 11,02 11.97 11,83 12,27
(1,32) (1.08) («93) (+09) («71) {ab1)
25,00 Ta3b 9.3% 10,36 10,56 10,84 11,12
{1,04) (.88 (o2} (o7Y) t.62) (.30}
35,00 634 8,10 8,80 9.15 9,59 9,70
(.88) (.63 ts9M (e57) (+31) (.41)
75,00 5,97 7.1 T.86 8,28 8,60 8,82
(+71) (.529 (e49) (+48) (,49) (.37)
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Figure A-1. Solar Cell
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Figure A-2. [est Plate



Figure A-34.
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A-3




Figure A-4. Solar Cell Envircnmental Test Chamber
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